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(57) ABSTRACT

A dye-sensitized semiconductor includes a semiconductor,
and a copper(I) coordination compound comprising 2,9-di-
alkyl-diphenyl-1,10-phenanthrolinedisulfonate, on the semi-
conductor. The dye-sensitized semiconductor may be used as
part of a photoanode in a solar cell, which also contains a
counter-electrode, and a conductive medium containing a
redox-active mediator, in contact with and separating the
photoanode and the counter-electrode.
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COPPER COMPLEX DYE SENSITIZED
SOLAR CELL

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

This invention was made, in part, with government support
under grant no. W911NF-08-2-0039, awarded by the United
States Army Research Laboratory. The Government has cer-
tain rights in this invention.

BACKGROUND

The dye-sensitized solar cell (DSSC) is a promising alter-
native to silicon for the creation of cost-effective and flexible
solar energy conversion devices. [1,2] DSSC’s are con-
structed by coating a semiconductor film with a layer of
light-harvesting dye molecules, to form a dye-sensitized
semiconductor. The dye-sensitized semiconductor and a
transparent conductive substrate form the photoanode, a sec-
ond conductive substrate forms the counter-electrode, and the
cell is completed using an ion-conductive medium, such as an
electrolyte, containing a redox-active mediator, between the
photoanode and the counter-electrode. A schematic illustra-
tion of a DSSC is shown in FIG. 1, with the transparent
conductive substrate shown as SnO coated glass, the semi-
conductor film is shown as TiO, particles, and the redox-
active mediator is shown as a solution of [~ and I, in ethylene
glycol. Also shown in FIG. 1 is a load, electrically connected
between the photoanode and counter-electrode, driven by
electricity produced by the DSSC upon exposure to light.

The selection of dye and the chemistry of its attachment to
the porous semiconductor can dramatically affect both the
range of frequencies of light which can be absorbed to gen-
erate electron-hole pairs, as well as the efficiency of conver-
sion of the absorbed light into electricity. The current “gold-
standard” in DSSC performance is the polypyridyl ruthenium
dyes on nanoparticles of titanium dioxide and an 1;7/1" elec-
trolyte solution. [3,4] In addition to adjusting the semicon-
ductor surface [ 5,6] and the electrolyte [2,7] there are consid-
erable research resources being devoted to the molecular
engineering of chromophores to improve the cost-efficiency
ratio of the DSSC.

N719 and related ruthenium(Il) containing sensitizers
strongly absorb light with wavelengths below 900 nm. Pho-
toexcitation of these dyes leads to charge transfer from the
metal to the bipyridine ligand anchored to the TiO, surface by
the carboxylate group. The existence of the lowest unoccu-
pied molecular orbital (LUMO) in close proximity to the
TiO, surface results in an efficient electron injection into the
conductance band for these sensitizers. Furthermore, their
high redox potential allows for rapid regeneration of the
photo-oxidized dye from an iodide-containing electrolyte.
However, ruthenium is a costly resource in limited supply,
currently 800 times more expensive than copper (STREM
2008-2010 catalog comparing prices of 99.9% powdered
forms).

There have been several reports of DSSCs using copper(I)
dyes. [8] While copper-containing dyes have not yet reached
the solar efficiencies of the best ruthenium-containing dyes,
they also have not been as carefully optimized. The com-
plexes reported previously all contain bipyridines with sub-
stituents at the 6- and 6'-positions to stabilize the copper(1)
state. They also all contain a carboxylate group either located
directly [9,10] on the bipyridine ring or attached via an alkyl
[9] or aromatic side-group. [11] There are no metal-contain-
ing dyes employing sulfate linkages, although several all-
organic dyes containing sulfate linkages [12] have appeared
in the literature.

SUMMARY

In a first aspect, the present invention is a dye-sensitized
semiconductor, comprising a semiconductor, and a copper(1)
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2
coordination compound comprising 2,9-dialkyl-diphenyl-1,
10-phenanthrolinedisulfonate on the semiconductor.

In a second aspect, the present invention is a solar cell,
comprising a photoanode, a counter-electrode comprising a
second conductive substrate, and a conductive medium con-
taining a redox-active mediator in contact with and separating
the photoanode and the counter-electrode. The photoanode
comprising a first conductive substrate, a porous semiconduc-
tor on the conductive substrate, and a dye on the porous
semiconductor. The dye is a copper(I) coordination com-
pound comprising 2,9-dialkyl-diphenyl-1,10-phenanthro-
linedisulfonate.

In a third aspect, the present invention is a method of
generating electricity, comprising exposing the solar cell to
light.

In a fourth aspect, the present invention is a method of
making the dye-sensitized semiconductor by soaking the
semiconductor in a solution of the copper(I) coordination
compound.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic of a dye-sensitized solar cell
(DSSO).

FIG. 2 illustrates a typical graph of current (vertical axis,
left side) versus potential (horizontal axis) and a graph of
power (vertical axis, right side) versus potential, for a DSSC
with Cu(BCS),>~ photosensitizer.

FIG. 3 illustrates a typical graph of current (vertical axis,
left side) versus potential (horizontal axis) and a graph of
power (vertical axis, right side) versus potential, for a DSSC
with a coordination complex of Cu(I) and BCS, which also
contains thiocyanide, as the photosensitizer.

FIG. 4 illustrates the ultraviolet-visible spectra of Cu
(BCS),>~ (listed as bisBCS) and coordination complex of
Cu(I) and BCS, which also contains thiocyanide (listed as
possible NCS), both in methanol.

FIG. 5 illustrates the infrared spectra of coordination com-
plex of Cu(l) and BCS, which also contains thiocyanide
(listed as Dye) and starting materials for it preparation
(NH,SCN, BCS and Cu(MeCN),PFy).

FIG. 6 illustrates the ultraviolet-visible spectra of solutions
of Cu(l) BCS,*~, Cu(I)BPS,*, and Cu(Il)phen,>~ com-
plexes.

FIG. 7 illustrates the reflectance spectra of Cu()BCS,>~ on
TiO, prepared by two different methods (Method 1 and
Method 2).

DETAILED DESCRIPTION

The present invention makes use of the discovery of sen-
sitizers which differ in at least two ways from existing dyes:
(1) it uses copper as the metal and (2) the dye contains sul-
fonate instead of carboxylate as the linking group. The
replacement of carboxylate with sulfonate allows the starting
material to be obtained commercially. Preferably, the dye is a
metal coordination compound of copper(l) and 2,9-dialkyl-
diphenyl-1,10-phenanthrolinedisulfonic acid.

A DSSC typically includes a photoanode and a counter-
electrode, separated by an ion-conductive medium. The pho-
toanode includes a transparent conductive substrate, such as
glass coated with a conductive tin oxide; the photoanode also
includes a thin film of a porous semiconductor, such as tita-
nium dioxide, on which is the sensitizing dye, in contact with
the conductive medium. The counter-electrode may also
include a transparent conductive substrate, but non-transpar-
ent substrates may also be used.

The coordinating compound is a 2,9-dialkyl-diphenyl-1,
10-phenanthrolinedisulfonic acid. The alkyl groups at the 2
and 9 positions may be selected independently, and prefer-
ably the alkyl groups containing 1-10 carbon atoms, such as
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methyl, ethyl and propyl. Preferably, both alkyl groups are the
same. Preferably, the alkyl groups are both methyl. Prefer-
ably, the phenyl groups are located on the 4 and 7 position of
the phenanthroline. When the alkyl groups are methyl, the
coordinating compound is 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthrolinedisulfonic acid (also referred to as bathocu-
proine sulfonic acid or BCS). BCS is commercially available
as the disodium salt.

In the coordinating compound, the specific position of the
sulfonate (—SO;7) groups on the phenyl rings, or on the
phenanthroline, is variable; it may be in the para (as illustrated
in structure 1, below), ortho, and/or meta position on the
phenyl ring, or it may be located on the phenanthroline (as
illustrated in structure 2, below). Other structural variations
are possible, such as the presence of various substituents on
the phenanthroline, however, a methyl or larger groups must
be present at the 2 and 9 positions in order to maintain the
copper as copper(]).

The dye may have two molecules of the coordinating com-
pound coordinated to the copper(I) (structure 1, below), or a
single coordinating compound coordinated to the copper(l),
with one or more other ligands coordinated to the copper(l),
such as NCS~ (thiosulfate, structure 3, below), C17, I", Br~,
PPh;, CN™, NH;, N;~, NO,™; 2,4-pentanediono; 2,2'-bipy-
ridyl; oxalato; dialkylcarbamodithioato; maleonitriledithi-
olato; and 1,2-ethanediylbis(diphenylphosphane). Further-
more, one or more solvent molecules may also be coordinated
to the copper(l), such as water (H,O) or acetonitrile
(CH;CN). Presumably, the dye attaches to the semiconductor
via the sulfonate groups. [llustrated below are some examples
dyes (structures 1, 2 and 3) where the coordinating compound
is BCS:

M
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The semiconductor is sensitized with the dye by soaking in
asolution ofthe dye. The solution may be an aqueous solution
or a solution in an organic solvent, such as acetonitrile, dim-
ethylformamide or ethanol. The solution may also contain
other coordinating species, such as NCS™, CI~, I", Br™, PPh;,
CN~, NH;, N5~ and NO,™; these species may also absorb on
the semiconductor, and may be present on the semiconductor.

The semiconductor is preferably an inorganic oxide semi-
conductor. Examples of oxide semiconductors include oxides
of transition metals such as Ti, Nb, Zn, Sn, Zr, Y, La and Ta,
and complex oxides such as SrTiO; and CaTiO;. Preferably
TiO, (anatase phase) or ZnO is used. Preferably, the semicon-
ductor is in the form of a porous film. For example, a film of
the semiconductor may be formed on a transparent conduct-
ing substrate by dispersing the semiconductor as a powder in
solution, and then coating the dispersion onto the substrate;
subsequent sintering may then be used to fix the film to the
substrate. Examples of transparent conducting substrates
include indium-tin oxide, fluorine-doped tin oxide, and con-
ductive organic polymers. These may be present as a thin coat
on glass. These same substrates, as well as non-transparent
conductive substrates such as gold or platinum films on glass,
may be used for the counter-electrode.

The ion-conductive medium is a liquid ionic conductor,
such as an electrolyte solution or an ionic liquid, containing a
redox-active mediator. The electrolyte may be liquid or solid.
A solid electrolyte may be obtained by dispersing the elec-
trolyte in a polymeric material. In the case of a liquid elec-
trolyte, an electrochemically inert solvent such as acetoni-
trile, propylene carbonate, ethylene glycol, propylene glycol
or ethylene carbonate may be used. lonic liquids may also be
used, for example organic salts with melting points of typi-
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cally 100° C. or lower [16] and deep eutectic solvents (mix-
tures of salts which form a liquid at typically 100° C. or
lower). The redox-active mediator has an oxidized form and a
reduced form, both soluble in the ion-conductive medium;
examples of redox-active mediators include I7/I;~ (iodide/
triiodide), Br7/Br;~, quinone/hydroquinone or ferricyanide/
ferrocyanide.

The porous semiconductor on the photoanode is sensitized
with a dye. When exposed to light, the dye-sensitized semi-
conductor generates electron-hole pairs. If the electron and
hole separate, the electrons will travel through the semicon-
ductor to the conductive substrate of the photoanode, while
the holes will oxidize the redox-active mediator, converting it
from the reduced form to the oxidized form. The redox-active
mediator then travels through the ion-conductive medium to
the counter-electrode where it accepts an electron, reforming
the reduced form of the redox-active mediator. If the photo-
anode and the counter-electrode are connected through a
load, a current will flow between them.

EXAMPLES
Procedure for the Synthesis of Cu(BCS),>~

This compound is known and its preparation is available in
the literature [J. Electroanal. Chem. 314 (1991) 45-57].
Briefly, a 2:1 stoichiometric ratio of the disodium salt of BCS
and copper chloride are mixed in water forming an olive green
solution. Upon heating for approximately 2 hours, the solu-
tion turns red. Further stirring at room temperature for 24
hours results in a deep red solution of the bis BCS complex.

An alternate approach facilitates isolation of the target
compound in solid form. A 2:1 stoichiometric ratio of the
disodium salt of BCS and tetrakis(acetonitrile) copper(]) are
stirred in acetonitrile under argon and are allowed to react at
refluxing acetonitrile temperatures for 3 hours. The resulting
red solid can be isolated from the solvent and redissolved in
ethanol to serve as a dye solution.

Synthesis of Coordination Complex of Cu(l) and BCS,
which Also Contains Thiocyanide:

Method 1: 50 mg of the disodium salt of BCS was mixed
with 1 equivalent of copper chloride in water, resulting in a
pale green solution. Addition of two equivalents of ammo-
nium thiocyanate results in a dark green/brown solution.
Upon heating or upon addition of ascorbic acid, the solution
turns deep red, indicative of reduction of the Cu(II) center to
Cu(]). It appears that upon cooling the solution to room tem-
perature, the color of the solution remains red if there is a
1:1:2 stoichiometric ratio of BCS:Cu:NCS. However, if
excess NCS is added to the solution, cooling to room tem-
perature results in a color change to olive-brown. Preliminary
experiments suggest that the solution retains its red color
when stored under an inert atmosphere.

Method 2: 50 mg of the disodium salt of BCS is mixed with
1 equivalent of CuCl, in acetonitrile under argon. The solu-
tion is heated to reflux, after which 2 equivalents of ammo-
nium thiocyanate are added to the solution. After reflux for
about 5 hours, the acetonitrile is pale orange and a red-orange
precipitate remains. The precipitate is soluble in alcohol and
contains a copper complex that photosensitizes TiO,.

Several attempts to synthesize the target complex in metha-
nol have been unsuccessful. Red solutions form almost
immediately upon addition of the starting materials; however
the colored material does not photosensitize TiO,.

Procedures for Fabricating Titanium Dioxide Thin Film:

Two procedures are currently used, both of which appearto
generate similar quality films.
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Procedure 1: 0.5 g of titanium dioxide powder (P25 ana-
tase) was dispersed in about 1 mL of acidified water (10%
acetic acid). The resulting suspension is stirred for a mini-
mum of'24 hours, after which one drop of surfactant (triton X)
was added. This solution was kept stirring until use. Thin
films were made using the doctor blading technique using
scotch tape as a mask. The wet film was calcined at about 450°
C. for 30-60 minutes.

Procedure 2: titanium dioxide powder (P25 anatase) and
acidified water (about 10% acetic acid) were combined in a
ratio of 2 g:3 mL ratio by grinding with a mortar and pestle.
Care was taken to ensure a homogenous suspension. This was
most easily done by first making a smooth paste in a ratio of
about 2 g power to about 1 mL liquid followed by dilution of
the paste. Application of this slurry was identical to procedure
1 mentioned above.

Influence of Soak Time on DSSC Performance:

The titanium oxide films were soaked in a solution of the
dyes to form the dye-sensitized semiconductor. For solutions
of the Cu(BCS),>~ complex, soak times up to 120 minutes
showed a consistent improvement in solar cell characteristics.
Increasing the soak time from 30 to 120 minutes results in a
10-fold improvement in the I, a 47% improvement in the
V,.. No maximum soak time was established.

Device Fabrication:

The titanium oxide slurry prepared using Procedures 1 and
2 described above were applied to a transparent conductive
substrate (TEC 8 glass, 30x30x3 mm) using a doctor blading
method. A mask, serving to provide clean electrical contact
points, was fabricated using cellophane tape on three of the
four sides of the plate. The plate was subsequently calcined at
450° C. for 20 minutes. After cooling, the plate with the
titanium dioxide surface (henceforth photoanode) was
soaked in a dye solution for at least 30 minutes. The dye
solutions were synthesized as described above. The dye solu-
tion concentration was based on the amount of BCS, and was
typically 5 mg/ml. of solvent. The solvent was typically
water, although ethanol was also used as a soak solution. The
sensitized photoanode was rinsed with water and alcohol and
air dried. For the purposes of device performance character-
ization, temporary attachment of the sensitized photoanode to
the counter electrode was made using binder clips. One drop
of'the electrolyte, 0.05 M iodine and 0.5 M potassium iodide
in ethylene glycol, was allowed to permeate the space
between the sensitized photoanode and the counter electrode.
The device was then characterized using a potentiostat and an
artificial light source.

FIG. 2 illustrates a typical graph of current (vertical axis,
left side) versus potential (horizontal axis) and a graph of
power (vertical axis, right side) versus potential, for a DSSC
with Cu(BCS),> photosensitizer. The photoanode was fab-
ricated using Procedure 1. The soak time for sensitizing the
photoanode with the dye was about 1 hour.

FIG. 3 illustrates a typical graph of current (vertical axis,
left side) versus potential (horizontal axis) and a graph of
power (vertical axis, right side) versus potential, for a DSSC
with a coordination complex of Cu(I) and BCS, which also
contains thiocyanide, as the photosensitizer. The photosensi-
tizer solution was made using Method 2. The photoanode was
fabricated using Procedure 1. The soak time for sensitizing
the photoanode with the dye was about 1 hour.

FIG. 4 illustrates the ultraviolet-visible spectra of Cu
(BCS),>~ (listed as bisBCS) and coordination complex of
Cu(I) and BCS, which also contains thiocyanide (listed as
possible NCS), both in methanol. The maximum absorption
occurs at 483 nm. These spectra suggest that the isothiocyan-
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ate compound may not be stable in this solvent and decom-
poses to the Cu(BCS),>~ complex.

FIG. 5 illustrates the infrared spectra of coordination com-
plex of Cu(l) and BCS, which also contains thiocyanide
(listed as Dye) and starting materials for it preparation
(NH,SCN, BCS and Cu(MeCN),PF ). The shift in the peak
from 2063 cm™" in NH,SCN to 2101 cm™" in the dye suggests
the NCS~ ion has coordinated to the copper(I) center.

FIG. 6 illustrates the ultraviolet-visible spectra of solutions
of Cu(l) BCS,*~, Cu(Il)BPS,>", and Cu(Il)phen,** com-
plexes. Each complex was made in 10 mL of deionized water.
A comparison of the wavelength of maximum absorption
with the appropriate literature value, where available, is
shown in the table below. The structures of Cu(I)BPS,>~ and
Cu(Il)phen,>* are shown below.

Comparison of experimental and literature A, values

Experimental Literature
(um) (nm)
Cu()BCS,*~ 485 483 [13]
Cu(ID)BPS,%~ [Structure 4] 746 —
Cu(IT)phen,?* [Structure 5] 711 712 [14]
(0]

o, 0
\Y4 I

0—Ss

FIG. 7 illustrates the reflectance spectra of Cu(I)BCS,>~ on
TiO, prepared by two different methods (Method 1 and
Method 2). Method 1: a 2:1 ratio of BCS and CuCl, both in 10
ml of deionized water was heat at 100° C. for approximately
2 hours and then stir for an additional 24 hours. In this experi-
ment the copper starts off in the Cu(Il) state and the heating
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process facilitates the change to Cu(l) state. Method 2:a 2:1
ratio of BCS and [Cu(MeCN),,](PF ), (BCS in 5 mL of deion-
ized water and the copper complex in 1 mL of methanol) are
mixed together. In this experiment the copper starts off in the
Cu(]) state and the heating process in method 1 is not needed.

While the foregoing written description of the invention
enables one of ordinary skill to make and use what is consid-
ered presently to be the best mode thereof, those of ordinary
skill will understand and appreciate the existence of varia-
tions, combinations, and equivalents of the specific exem-
plary embodiment and method herein. The invention should
therefore not be limited by the above described embodiment
and method, but by all embodiments and methods within the
scope and spirit of the invention as claimed.

What is claimed is:

1. A dye-sensitized semiconductor, comprising:

a semiconductor, and

a copper(l) coordination compound comprising 2,9-di-

alkyl-diphenyl-1,10 phenanthrolinedisulfonate, on the
semiconductor.

2. The dye-sensitized semiconductor of claim 1, wherein
the 2,9-dialkyl-diphenyl-1,10-phenanthrolinedisulfonate is
2,9-dimethyl-diphenyl-1,10-phenanthrolinedisulfonate, 2,9-
diethyl-diphenyl-1,10-phenanthrolinedisulfonate or 2,9-
dipropyl-diphenyl-1,10-phenanthrolinedisulfonate.

3. The dye-sensitized semiconductor of claim 1, wherein
the 2,9-dialkyl-diphenyl-1,10-phenanthrolinedisulfonate is
2,9-dialkyl-4,7-diphenyl-1,10-phenanthrolinedisulfonate.

4. The dye-sensitized semiconductor of claim 1, wherein
the 2,9-dialkyl-diphenyl-1,10-phenanthrolinedisulfonate is
2,9-dimethyl-4,7-diphenyl-1,10-phenanthrolinedisulfonate.

5. The dye-sensitized semiconductor of claim 1, wherein
the copper(l) coordination compound is copper(I)bis(2,9-
dimethyl-4,7-diphenyl-1,10-phenanthrolinedisulfonate).

6. The dye-sensitized semiconductor of claim 1, wherein
the copper(l) coordination compound contains at least one
additional ligand selected from the group consisting of NCS™,
CI, I7, Br~, PPh3, CN~, NH3, N3~, NO27; 2.4-pentanediono;
2,2'-bipyridyl; oxalato; dialkylcarbamodithioato; maleoni-
triledithiolato; and 1,2-ethanediylbis(diphenylphosphane).

7. The dye-sensitized semiconductor of claim 1, wherein
the copper(l) coordination compound contains at least one
additional ligand selected from the group consisting of NCS™,
CI, T, Br7, PPh3, CN™, NH3, N3~ and NO2".

8. The dye-sensitized semiconductor of claim 1, wherein
the copper(l) coordination compound contains NCS™.

9. The dye-sensitized semiconductor of claim 1, further
comprising NCS™.

10. The dye-sensitized semiconductor of claim 1, wherein
the semiconductor is an inorganic oxide semiconductor.

11. The dye-sensitized semiconductor of claim 1, wherein
the semiconductor is selected from the group consisting of
oxides of Ti, Nb, Zn, Sn, Zr,Y, L.a and Ta, and complex oxides
thereof.

12. The dye-sensitized semiconductor of claim 1, wherein
the semiconductor is titanium dioxide or zinc oxide.

13. The dye-sensitized semiconductor of claim 1, wherein
the semiconductor is titanium dioxide.

14. The dye-sensitized semiconductor of claim 4, further
comprising NCS~, wherein the semiconductor is titanium
dioxide.



